Present research was designated to investigate the hypoglycemic, hypolipidemic and antioxidant activity of the combination of pioglitazone and atorvastatin on long-term alloxan-induced diabetes rats (AIDRs). The experiments were carried out to determine blood glucose level, lipid profile, free radial scavenging activities, superoxide dismutase (SOD) and catalase in liver tissue. In addition, left ventricular (LV) hypertrophy and cardiomyocyte size were also determined by histological analysis. It was found that in short-term induction, pioglitazone significantly reduced the blood glucose level without having any considerable effect on lipid profile and antioxidant enzymes (SOD and catalase) in rats. On the other hand, atorvastatin significantly reduced total cholesterol (TC), triglyceride (TG) and low density lipoprotein cholesterol (LDL-C) with marked increase in the level of high density lipoprotein cholesterol (HDL-C) and improved activity of SOD and catalase enzymes. However, pathological changes of heart and pancreas were not observed after shortterm exposure to alloxan in rats. Long-term diabetes induction resulted in LV hypertrophy and prominent shrinkage of islets of Langerhans cells. Treatment with atorvastatin in combination with pioglitazone significantly reduced the LV hypertrophy, TC, TG and LDL level whereas they noticeably increased HDL level, DPPH (1,1-Diphenyl-2-picryl-hydrazyl) free radical scavenging activity, SOD and catalase activity with satisfactory recovery of Langerhans cells. The result demonstrated that combination therapy was more effective than that of mono-therapy for preventing diabetes with cardiovascular diseases (CVD) in rats.
Introduction
The prevalence of diabetes has become an issue of great concern worldwide. It is considered as a leading degenerative disease in today's world, affecting approximately 15 million people [1] . According to the forecast of World Health Organization (WHO), this disease will be the seventh leading cause of death by 2030 [2] . The term, diabetes mellitus, signifies a set of metabolic disorders, having multiple etiologies, characterized by hyperglycemia which is attributed by the defect in insulin secretion, insulin action or both [3] . It has a drastic consequence on carbohydrate, lipid and protein metabolism, and ultimately leads to chronic hyperglycemia and abnormal lipid profile. Eventually, these abnormalities potentiate a series of secondary complications including polyurea, polyphasia, ketosis, retinopathy as well as cardiovascular diseases [4] .
In diabetic patients, hyperglycemia boosts oxidative stress as an outcome of excess fatty acid release and subsequent activation of lipoxygenase and xanthine oxidase pathways [5] . Activated lipoxygenases [6] and xanthine oxidase [7] further promotes nitric oxide synthase (NOS) that switches a coupled state to an uncoupled state and generates superoxide anion [8] with decreased 5,6,7,8-tetrahydrobiopterin (BH4) or L-arginine. Dysfunctional mitochondrial electron-transport chain is another source of reactive oxygen species (ROS). The ROS increase the oxidation of the lipid (i.e. LDL) which was then ingested by the macrophage, responsible for plaque formation on the heart vessels and ultimately develops common cardiovascular diseases (CVDs) like atherosclerosis, left ventricular hypertrophy etc. [9] .
Another study showed that ROS reduced bioavailability of nitric oxide (NO), leading to endothelial dysfunction. ROS also influence the activity of a number of cell signaling pathways, and ultimately lead to the changes in the expression of redox-sensitive genes that regulate cellular process involved in cellular apoptosis. This factor is most probably involved in the pathogenesis of cardiovascular diseases [10] .
Moreover, long-term induction of diabetes without any lipid lowering drug accelerates the risk of CVD. Hence, combination therapy has been suggested as a useful anti-diabetic and hypolipidemic remedy due to their ability to restore the function of pancreatic tissues by causing an increase insulin output, to inhibit the intestinal absorption of glucose, to facilitate the metabolites in insulin dependent processes [11] and/or by their ability to inhibit the cholesterol biosynthetic pathway by inhibiting the enzyme HMG-CoA reductase [12] . Hence, treatment with combination therapy has an effect on reviving ß-cells and restoring the fluctuation in glucose level and cholesterol biosynthetic pathway.
The current study is aimed to provide strong evidence, based on experimental studies carried out on the most effective and commonly used hypoglycemic drug (Pioglitazone) and lipid lowering drug (Atorvastatin) alone and in combination so that we can treat our diabetic patients along with their cardiac diseases. Pioglitazone is a thiazolidinedione anti-diabetic agent that decreases insulin resistance in the periphery and in the liver resulting in increased insulin-dependent glucose disposal and decreased hepatic glucose output [13] . On the other hand, Atorvastatin is a selective, competitive HMG-CoA reductase inhibitor which is primarily used to lower cholesterol and triglycerides in patients with hypercholesterolemia and mixed dyslipidemia [14] .
Materials and Methods

Animal Studies
All protocols for the animal experiments were assessed and endorsed by the Animal Care and Use Committee of Institute of Biological Science, University of Rajshahi. Long-Evans male rats, weighed about 200 -220 g, aged 2 months, were purchased from animal's house of International Centre for Diarrhoeal Disease Research, Bangladesh (ICDDRB). Prior to commencement of the experiments, all the rats were acclimatized to the new environmental condition for duration of one week. During the experimental period, the rats were kept in a well-ventilated animal house at room temperature and were supplied standard pellets from ICDDRB and fresh drinking water. All the rats were kept in protected cages and maintained with natural exposure to daylight and night. In both protocols (two weeks for short-term and four weeks for long-term), alloxan (120 mg/kg body weight, BW) was injected intra-peritoneally (i.p.) in rats. At first we treated alloxan (120 mg/kg BW) induced diabetic rats with single dose of pioglitazone (10 mg/70 kg BW) and atorvastatin (20 mg/70 kg BW) for two weeks. Then we injected fixed dose combinations of pioglitazone (5 mg/70 kg BW) and atorvastatin (10 mg/70 kg BW) along with those of two drugs alone for four weeks.
Measurement of Glucose Level
Pioglitazone, atorvastatin and combination of both were administered daily in alloxan-induced diabetic rats for both protocols. After two and four weeks treatment with drugs, blood glucose level was determined two hours after last dose, using Glucometer (One Touch Horizon, USA).
Measurement of Lipid Profile
After carrying out the treatment with proposed drugs, the rats were first anesthetized with sodium phenobarbital. Then abdominal skin was cut and thoracic artery was opened. Then 3 -5 ml of blood was collected directly from thoracic artery by syringes and centrifuged at 4000 rpm for 10 minutes to obtain serum. Finally, serum lipid profile such as total cholesterol (TC), triglyceride (TG), low density lipoprotein-cholesterol (LDL-C) and high density lipoprotein-cholesterol (HDL-C) was investigated using diagnostic kits (Human, Germany).
Evaluation of Free Radical Scavenging Activity
The antioxidant activity using the 1,1-diphenyl-2-picrylhydrazyl (DPPH) was assessed as described previously [15] . The DPPH assay was performed by adding a sample (20 μl of blood plasma) plus 10 mM sodium phosphate buffer (pH 7.4) to 400 μl of 0.1 mM methanol solution of DPPH. After 30 min incubation at ambient temperature (21˚C), absorbance of the samples at 517 nm was measured. As precipitate was formed in most of the plasma samples, they were centrifuged before the measurement.
Estimation of SOD and Catalase in Liver Tissue
After the experimental period, each animal was sacrificed; liver was isolated and homogenized in chilled tris buffer at a concentration of 10% (w/v). The homogenate was centrifuge at 4000 rpm for 15 minutes in cold centrifuge and supernatant was assayed for SOD and catalase activity. The catalase activity was assayed by the method described by Sinha (1972) [16] . SOD activity was determined by the method of Misra and Fridovich, 1972 [17] .
Histopathological Analysis
Histological studies of pancreas were performed for the investigation of pancreatic beta cell recovery for the determination of LV weight and cardiomyocyte cross sectional area as previously reported procedure [18] [19] In brief, left ventricular (LV) weight was measured, and the ratio of LV weight to body weight was calculated to determine an index of LVH. One section was obtained from each pancreas, and four sections were obtained from each heart and then mounted on slides and stained with haematoxyline and eosin. To evaluate the extent of pancreacyte recovery and extent of cardiomyocyte hypertrophy, the cross-sectional images of pancreas and heart were scanned at 400× magnifications. Average values for each pancreas and heart were used for analysis. All images were taken using an Olympus BX51TF (Olympus Corporation, Tokyo, Japan).
Statistical Analysis
The results were expressed as mean ± SEM. We used a one-way analysis of variance (ANOVA), followed by Dunnett's post-hoc test or students paired or unpaired t-test where appropriate. The statistical method applied in each analysis was described in each figure. Results were considered to be significant when p values were less than 0.05 (p < 0.05).
Results
The parameters of blood glucose level, TC, TG, LDL, HDL, liver glycogen, antioxidant property, SOD and catalase enzyme activity were investigated and finally histology of heart and pancreas was demonstrated to study the effects of pioglitazone and atorvastatin alone and in combination on alloxan-induced diabetes and cardiac remodeling in rats using pioglitazone and atorvastatin as standard antidiabetic agent and lipid lowering agent respectively.
Effects of Pioglitazone and Atorvastatin on Blood Glucose Level in Short-Term AIDRs
In contrast to normal rats (5 mmol/lit), short-term i.p. injection of alloxan in AIDRS significantly increased blood glucose level (16 mmol/lit) (Figure 1(a) ). To elucidate the individual effect of pioglitazone and atorvastatin on blood glucose level, we measured blood glucose level after two weeks treatment of pioglitazone and atorvastatin on AIDRs. Pioglitazone alone noticeably decreased blood glucose level from 16.03 ± 0.90 to 7.37 ± 0.66 mmol/lit, whereas atorvastatin alone failed to reduce significant amount of blood glucose level when compared with AIDRs (Figure 1(a) ).
Effects of Pioglitazone and Atorvastatin on Lipid Profile in Short-Term AIDRs
In comparison with normal rats, significant fluctuation in lipid profile was observed after short-term induction of diabetes by alloxan (Figures 1(b)-(e) ). To clarify the individual effect of pioglitazone and atorvastatin on lipid profile, we assayed TC, TG, LDL-C and HDL-C level after two weeks treatment of pioglitazone and atorvastatin in AIDRs. We found, both pioglitazone and atorvastatin reduced TC level 4.78% and 38.64% (Figure 1(b) ), TG level 18.65% and 30.98% (Figure 1(c) ), and LDL-C level 5.68% and 26.02% (Figure 1(d) ), whereas both drug raised HDL-C level up to 30.95% and 41.73% (Figure 1(e) ) correspondingly in contrast to diabetic rats. These results suggested that atorvastatin but not pioglitazone acted as lipid lowering agents. We also carried out histological analysis in AIDRs but did not notice any change in the LV weight and cardiomyocyte size.
Effects of Combination Therapy on Blood Glucose Level in Long-Term AIDRs
In case of long-term AIDRs, approximately two times increment in blood glucose level (32 mmol/lit) was observed (Figure 1(a) vs Figure 2(a) ). Pioglitazone alone and combination of both significantly reduced blood glucose level from 31.54 ± 2.19 to 6.63 ± 0.25 mmol/lit and 31.54 ± 2.19 to 5.38 ± 0.56 mmol/lit, respectively when compared with diabetic rats after four weeks treatment. Atorvastatin failed to decrease the blood glucose level considerably when compared with diabetic rats (Figure 2(a) ). Our results suggested that the combination therapy more effectively reduced the blood glucose level than that of mono-therapy in long-term AIDRs.
Effects of Combination Therapy on Lipid Profile in Long-Term AIDRs
It was found that pioglitazone, atorvastatin and combination of both reduced TC level 4.52%, 20.65% and 28.97% (Figure 2(b) ), TG level 23%, 32.4% and 39.81% (Figure 2(c) ), and LDL-C level 5.02%, 26.92% and 37.16% (Figure 2(d) ) and increased HDL-C level 30.20%, 37.58% and 46.87% (Figure 2(e) ), respectively when compared with diabetic rats after four weeks treatment. In contrast, the effect of combination therapy on lipid profile was higher than that of mono-therapy alone. Pioglitazone did not show significant effect on lipid profile (Figures 2(b)-(e) ). These results demonstrated that the combination therapy was more effective in lipid profile than that of mono-therapy in long-term AIDRs.
Effects of Combination Therapy on DPPH Free Radical Scavenging Activity on Long-Term AIDRs
After four weeks treatment with pioglitazone, atorvastatin and combination of both, it was observed that DPPH radical scavenging activity was increased 32.83%, 65.65% and 76.09%, respectively in comparison with normal control group (Figure 3(a) ). This result revealed that the combination therapy showed better antioxidant activity than mono-therapy in long-term AIDRs. 
Effects of Drugs and Combination Therapy on SOD and Catalase Enzyme Activity
The effects of pioglitazone, atorvastatin and combination of both on SOD (Figure 3(b) ) and catalase ( Figure  3(c) ) enzyme in AIDRs were measured. After four weeks treatment with pioglitazone, atorvastatin and combination of both, it was observed that SOD and Catalase enzyme activity was increased 75%, 85.25%, 90.69% and 15.36%, 34.61%, 57.69%, respectively in comparison with diabetic control group. This outcome suggested that the combination therapy showed improved antioxidant activity than that of mono-therapy in long-term AIDRs.
Effect of Drugs and Combination Therapy on Pancreas Islets of Langerhans Morphology
Injection of alloxan in rats for four weeks significantly shrunk islets of Langerhans in comparison with normal rats. Treatment with pioglitazone and atorvastatin significantly recovered islets of Langerhans from shrinkage in AIDRs. But in case of combination therapy, noticeable recovery of Langerhans cell was reported (Figure 4) .
Effects of Combination Therapy on LV Hypertrophy on Long-Term AIDRs
Induction of diabetes by alloxan for four weeks in rats significantly increased LV hypertrophy (0.00416) when compared with normal rats (0.00274). We examined the effect of single drug and combination of both on LV hypertrophy (LV weight/body weight) in long-term AIDRs to know whether or not the combination therapy was more effective than mono-therapy alone. After four weeks treatment, atorvastatin alone and the proposed combination therapy significantly reduced LVH (0.00341 and 0.00310 respectively) when compared with diabetic rats whereas the combination therapy reduced LVH more effectively than mono-therapy ( Figure 5 ). On the other hand, pioglitazone alone did not significantly reduce LV hypertrophy (0.00395) when compared with diabetic rats. 
Discussion
Diabetes is a great threat to public health globally that is getting worse rapidly, having the biggest impact is on adults of working age in developing countries. In most developing countries at least one in ten deaths in adults, aged between 35 to 64 is attributable to diabetes and in some the figure is as high as one in five [20] .
Diabetes can be controlled successfully and the risk of developing secondary complications can be reduced significantly. In order to do so, scientists and researchers are engaged in research to find out new drug combination therapy and natural plant products to combat diabetes with CVD worldwide.
The result of the present study indicated that pioglitazone lowered blood glucose level in AIDRs significantly whereas atorvastatin did not produce any considerable change of this parameter which supported the findings of earlier published report [21] [22]. Here we observed that the combination therapy efficiently controlled diabetes in comparison with pioglitazone alone in long-term AIDRs. However, investigation should continue to elucidate the exact mechanism of this effect, offered by combination therapy.
It had been reported that alloxan treatment not only increased blood glucose levels but also increased the levels of TG, TC, and LDL cholesterol and decreased the levels of HDL cholesterol in diabetic rats [23] [24] . Factors which influence the glucose metabolism under various physiological conditions, can influence lipid metabolism as well [25] . It had also been reported that TG accumulation increased considerably in diabetes mellitus [26] . Hypercholesterolemia and hypertriglyceridemia had been reported to occur in diabetes [27] .
In our study, it was found that the TC, TG, LDL-Cholesterol level were reduced and HDL-Cholesterol level were increased in AIDRs in comparison with normal rats after the both two and four weeks treatment. The serum TC, TG, LDL-C levels were significantly decreased and HDL-C level was markedly increased after two weeks treatment with atorvastatin in comparison with AIDRs. We also found similar results on lipid profile after four weeks treatment with atorvastatin alone and combination therapy (pioglitazone and atorvastatin). Interestingly, the combination therapy was more effective than atorvastatin alone. Also, pioglitazone alone exhibited negligible effect on lipid profile in both two and four week's studies. Our findings were in consistence with the previously published data [21] [22] . For the distinct lipid lowering capacity of this combination therapy, it might be proposed that the drugs of the combination therapy may act as inhibitors for enzymes, such as hydroxyl-methyl-glutaryl-CoA reductase which participates in de novo cholesterol biosynthesis.
It had been established that hyperglycemia promotes oxidative stress and oxidative stress further potentiates secondary CVD [28] . Free radicals can injure the cardinal cellular components such as lipids, proteins, and nucleic acids (e.g. DNA), leading to subsequent cell death. The damage can become more prevalent due to weakened cellular antioxidant defense systems. In our study, it was observed that treatment with pioglitazone, atorvastatin and combination therapy significantly increased DPPH radical scavenging activity in long-term AIDRs. However, combination therapy showed higher antioxidant properties than that of alone. Current study suggests that atorvastatin together with pioglitazone might be more efficient for alleviating oxidative stress associated with diabetes in rats.
Earlier studies established that diabetic rats usually lack SOD and catalase enzyme activity [29] . To investigate the beneficial effects of combination therapy (pioglitazone and atorvastatin), we further examined these enzymes' activity in AIDRs after four weeks. Current research revealed that long term induction of alloxan in rats significantly decreased antioxidant enzyme (SOD and catalase) activity in comparison with normal rats. Treatment with combination therapy significantly increased these enzymes' activity in AIDRs. Atorvastatin alone also significantly increased antioxidant enzyme (SOD and catalase) activity whereas combination therapy showed better effect than that of atorvastatin alone.
In case of long term AIDRs, islets of Langerhans cells shrunk markedly in comparison with normal rats. Administration of pioglitazone as well as atorvastatin recovered Langerhans cells from shrinkage to a certain extent which was demonstrated earlier [30] . In our present investigation we observed that treatment with combination therapy almost turns back shrinkage of Langerhans cell.
Previous studies showed that long-term induction of diabetes without any intervention of hypolipidemic agent produced CVD [31] . In our current investigation, induction of alloxan in rats for four weeks significantly (p < 0.05) increased LV hypertrophy in comparison with normal rats. Treatment with combination therapy (pioglitazone and atorvastatin) noticeably (p < 0.01) reduced LV hypertrophy in long term AIDRs. Atorvastatin alone also significantly reduced LV hypertrophy whereas combination therapy had a greater impact than atorvastatin alone in this protocol.
Conclusion
Findings of current investigation evidently established that the proposed combination therapy possessed hypoglycemic, hypolipidemic and antioxidant activities while AIDRs were employed as animal model for diabetes mellitus. Thus, this therapy might suggest the use of such effective combination of drugs (pioglitazone and atorvastatin) in the treatment of diabetes and related CVDs. Proposed medication may also append to the development of new prescription drug for the treatment of diabetes with its risk factors. Although this study gave some of the introductory concepts for effective management of blood glucose level and lipid profile with conventional medicine, further study is still required for assessing tolerability, pharmacodynamic and pharmacokinetic properties as well as mechanism of action of this fixed dose combination therapy (pioglitazone and atorvastatin) which might disclose new remedies for the treatment of diabetes with cardiovascular diseases.
